The 2011 Tohoku Earthquake off the Pacific coast of Japan generated a large tsunami and many landslides, 2 resulting in a great number of casualties. Although almost all casualties resulted from the tsunami, some 3 long-travel, fluidized small-scale landslides also killed 13 people. After the earthquake, we surveyed seven of 4 these catastrophic landslides triggered by the earthquake. We found that most of them have nearly identical 5 geological features, with slopes consisting of pyroclastic deposits formed at different times, and with a palaeosol 6 layer that outcropped in most cases after the landslide. Above the palaeosol there are layers of pumice and 7 scoria. The palaeosol had a natural moisture content of ~160%, and the pumice and scoria a moisture content of 8 ~145%. From field observations we concluded that the sliding surface originated in the very upper part of 9 palaeosol, and liquefaction occurred in both layers, resulting in the fluidization of displaced landslides. To 10 examine the trigger and movement mechanism of these landslides, we monitored the ground motion of one 11 landslide area during the many aftershocks, and compared the results with records obtained by a national seismic 12 station nearby. We inferred that strong seismic motion occurred in the landslide area during the main shock. We 
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52
Neogene volcanic rocks and sedimentary rocks, and Quaternary fluvial deposits. All these three landslides 53 occurred in Pleistocene tephra and highly weathered welded tuff in hilly areas in the eastern part of the Ōu
54
Mountains. In the strata of the landslide areas, 12 layers of tephra resulting from eruptions of Nasu Volcano at 55 different times are recognized (Suzuki, 1992) . In the following sections, geological details of each landslide are 56 introduced.
57
Fig . 3 shows the topography of the areas with the Hanokidaira (Fig. 3a) , Shirasawa (Fig. 3b) , and Oshino
58
( Fig. 3c) landslides. Fig.3a was based on the urban plan map (1/2500) of Shirakawa City, Fukushima Prefecture, 
59
while Figs. 3b and 3c were taken from the digital maps of the Geospatial Information Authority of Japan, 60 because the urban plan maps in the scale of 1/2500 for these landslide areas are not available. The prefailure 61 slope of each landslide was steep, and recent fluvial erosion cut and steepened the slope toe (Chigira, 2011) .
63

Methods
64
We measured their after-event topography using a laser rangefinder (TruPulse360ºB with a resolution of 65 0.1 m). We also used images from Google Earth to examine the topography of these landslides both before and 66 after the earthquake.
67
We used a portable seismometer (Character frequency: 1.9-2. and had striations on its surface (Fig. 4b) . We dug into the deposits on the golf driving range and found that 90 grass was flattened and buried by the displaced materials, but not cut or displaced from its original place ( 
96
according to Cruden and Varnes (1996) .
97
Using the above-mentioned laser rangefinder, we surveyed the landslide area to prepare a longitudinal 98 section (Fig. 4f) . The main part of the displaced materials spread into a residential area at the foot of the hill, 
108
At the Hanokidaira landslide source area, tephra layers exposed during excavation for stabilization. The 
139
We dug a pit at the toe and found that the rice paddy soil had been barely disturbed.
140
The soil layers of the source area were a palaeosol, weathered volcanic ash, and pumice respectively from 141 the base of the sliding surface to the top. Fig. 6b 
197
We performed direct shear box tests on the intact or remolded sample of S1 under consolidated drained 
11
We also performed undrained shear tests on fully saturated air-dried or oven-dried samples of S1 to 211 examine the possible effect of drying process on its undrained shear behavior. As pointed out by Chigira et al 212 (2012) , the dominant clay mineral in the palaeosol of the studied landslides is halloysite, which is normally 213 formed by hydrothermal alteration of volcanic rocks (Kerr, 1952) ; while air or oven drying would result in the 214 dehydration of interlayer water of halloysite (Wesley, 1973 (Wesley, , 1977 Okada and Ossaka, 1983 
219
We performed direct shear box tests under differing normal stress levels (84, 64 and 41 kPa, respectively).
220
The intact samples were kept at natural moisture contents or fully saturated, while the remolded samples were 221 kept at their natural moisture contents. The representative failure envelopes from these tests are shown in Fig. 8 .
222
The intact sample at natural moisture content presented an angle of shearing resistance of φ' = 27º with an 223 apparent cohesion, c, of 22 kPa (Fig. 8) . These strength parameters varied greatly when the sample was 
231
Intact S2 has a greater shear strength than intact S1 at any given normal stress.
233
Results of cyclic shearing at natural moisture contents
234
Undrained cyclic shear tests were conducted on both samples at natural moisture contents (114% and 140%   235 for S1 and S2, respectively). After being placed in the shear box and normally consolidated, the samples were 236 subjected to a cyclic shear stress, with an amplitude of 24 kPa (i.e., 24 kPa cyclic load superimposed onto the 24 237 kPa gravitational shear load) and a frequency of 0.5 Hz under undrained conditions. We used this low-frequency 238 for better monitoring the response of pore-water pressure that might be generated during the shearing. 
246
The monitored pore-water pressure was small, likely due to the air left inside the samples and also inside 247 the pore-water pressure measuring system. The highly compressible air would cause a delayed reaction to the 248 change in pore-water pressure. The low permeability of the sample (clayey soil) may also delay the response of 249 the pore-water pressure monitoring system, because the excess pore water pressure was generated within the 250 shear zone, while the pore-water pressure measuring system was installed near but outside of the shear zone 251 (Wang et al, 2007) . Disturbed sample S2 has a permeability of approximate 2.9×10 -2 cm s -1 at a dry density of 252 about 0.51 g cm -3 , while sample S1 has a permeability of about 1.3×10 -5 cm s -1 at a dry density of about 0.64 g 253 cm -3 , smaller than that of S2. This may be the reason why the monitored excess pore water pressure in Fig. 9a 254 was smaller than that in Fig. 9b . However, we inferred that the excess pore-water pressure built up within the 255 shear zone had reached to a value approximately equal to the total normal stress, such that the shear resistance 256 lowered approximately to zero after 40 seconds in both tests.
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Although additional shear stress of about 24 kPa had been applied to the initial shear stress once (Fig. 9a) , 258 the applied cyclic shear stress was smaller than 24 kPa in general, resulting in changes in the number of cycles 259 necessary for the initiation of shear failure, but has no effect on the post failure shear behavior (Wang, 2000) .
260
Therefore, considering the strong motion and long duration of the main shock of the earthquake and the inferred 261 degree of saturation, we concluded that liquefaction occurred within the soil layers near the sliding surface. 
272
Vertical displacement (positive with sample consolidation) also occurred as shearing progressed.
273
After the test, we opened the drainage system, and found water being expelled from the shear box.
274
Therefore, even though the sample was not fully saturated, the abundant water in the sample allowed generation 275 of high pore-water pressure after shear failure was triggered. 
361
(1) The landslides in pyroclastic fall deposits showed very high mobility, with the occurrence of 362 liquefaction. Valley incision was distinct at the toe of these landslides, indicating that the upper slope of the 363 landslide source area was less stable state before the earthquake.
364
(2) Although the epicenter was distant, and the motion recorded by a nearby permanent seismic station was 365 not strong, the seismic motion at the Hanokidaira landslide area was very strong due to local site effects. 
